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In the last decade, hollow materials have gained increasing attention as a special class of materials compared with their solid counterparts owing to their unique properties such as their low density, large specific surface area, stability, surface permeability, and hollow structure. These features make them important from both a scientific and technological point of view. Owing to their unique and enhanced properties, these materials have the potential for widespread applications in the protection of sensitive species (e.g. enzymes and other proteins), catalysis, and encapsulation of chemicals (e.g. for the controlled-release of drugs, cosmetics, inks, and dyes).

My original goal in this dissertation was to present a facile, environmentally benign, economically sustainable, and additive-free synthetic protocol for the fabrication of hollow oxides, which could ultimately enable the fine-tuning of hollow inorganic materials. The synthesis was achieved via a facile one-pot hydrothermal strategy with the use of simple sugars (glucose or fructose) as sacrificial templates (Scheme [1](#fig02){ref-type="fig"}).

![Schematic illustration of the synthetic process for hollow spheres.](open0004-0072-sch1){#fig02}

A series of experiments was performed in which various porous metals and ceramic oxide hollow spheres were obtained as final products via a hydrothermal approach. The obtained hollow oxides were characterized by means of scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), infrared (IR) spectroscopy, energy-dispersive X-ray (EDX) spectroscopy, and the Brunauer--Emmett--Teller (BET) method to obtain a nitrogen sorption isotherm.

The first part of this thesis presents a brief introduction and describes a broad range of various applications of hollow inorganic materials. Also, some light has been thrown on the synthetic approaches for hollow inorganic materials, and special attention has been paid to sacrificial template synthetic methods due to their excellent results.

According to literature, the templates used in the sacrificial template approaches act as size- and shape-directing agents. Therefore, the next part of this thesis investigates the synthesis of carbonaceous spheres (CSs) out of sugars used as sacrificial templates and the impact of the synthetic conditions on their size and shape. More precisely, the synthesis of glucose- and fructose-derived carbonaceous spheres via hydrothermal hydrolysis in a closed system (100 mL Teflon-lined stainless steel autoclave) was investigated. The findings show that different synthetic parameters such as temperature, reaction time, sugar concentration, and addition of acetic acid as catalyst are important for tuning the diameter of the prepared carbonaceous spheres.

Details on the composition and morphology of the carbonaceous materials were obtained from IR spectroscopy, carbon--hydrogen analysis (CH), and SEM. The results show that the carbonaceous spheres formed from the monosaccharides possess high functionalities, have about 60--70 % carbon content, and have a spherical morphology with a smooth surface. These findings, as described in chapter 3, demonstrate that monosaccharides are suitable sacrificial templates for the fabrication of metal oxide hollow materials. The strategy is simple and requires no further surface modifications due to the oxygen or hydroxy functionalities inherited by the surface layers of the materials (Scheme [2](#fig03){ref-type="fig"}).

![Schematic illustration of the synthesis of carbonaceous spheres (CSs) via hydrothermal hydrolysis of an aqueous solution of glucose or fructose in closed system.](open0004-0072-sch2){#fig03}

In chapter 4, a method for the fabrication of hollow silica nanospheres is described. Synthesis was done via a facile one-pot hydrothermal route using glucose as a sacrificial template and water glass as a silica precursor. *Meso*-porous hollow silica nanoparticles (PHSNPs) with tunable shell thickness and particle size can be readily fabricated through this approach (Figure [1](#fig01){ref-type="fig"}. In the synthesis, heating an aqueous solution of water glass and [d]{.smallcaps}-glucose to 180 °C for 24 h affords a nanosphere composite consisting of a silica shell sheathing a carbonaceous core, as indicated by TEM. Subsequent removal of the carbonaceous interior through oxidation in air produces free-standing hollow silica structures. Shrinkage occurs after thermal treatment of C\@SiO~2~ precursor composites at 550 °C for 5 h; the size decreases by approximately 65 to 80 %. In addition, it was found that PHSNPs vary between approximately 25 and 50 nm in diameter as shown in TEM images. Generally, the amount of water glass affects the morphology and the shell thickness of the hollow silica spheres (HSSs). The glucose concentration has a significant influence on the size of the obtained HSSs as well. Increasing the glucose concentration increases the average size of the obtained composites which in turn leads to an increase in the size of hollow particles.

![The obtained powder of *meso*-porous hollow silica nanoparticles (PHSNPs) (chapter 4) (a) and the obtained powders of the hollow spheres of Cr~2~O~3~ (b), α-Fe~2~O~3~ (c), Co~3~O~4~ (d), NiO (e), and ZnO (f) (chapter 5).](open0004-0072-f1){#fig01}

Chapter 5 describes a series of oxides (Cr~2~O~3~, α-Fe~2~O~3~, Co~3~O~4~, NiO, and ZnO) that were successfully fabricated via a facile one-pot hydrothermal approach using fructose as sacrificial template for the first time, to the best our knowledge (Figures 1 b---[1](#fig01){ref-type="fig"}. In the synthesis, heating an aqueous solution of the metal chlorides and fructose to a moderate temperature of 135--150 °C in an autoclave affords nanosphere composites consisting of a metal precursor shell coating a carbonaceous core, as indicated by TEM. The removal of the interior carbonaceous cores via heat treatment through oxidation in air yields free-standing hollow crystalline oxide spheres. Ball-in-ball (bnb) hollow structures were found within the final products without any further synthetic steps (Scheme [3](#fig04){ref-type="fig"}).

![Schematic illustration (cross-sectional view) of the formation of the hollow metal oxide spheres. The thermal removal of carbonaceous cores results in the formation of hollow spheres plus the formation of ball-in-ball (bnb) hollow spheres.](open0004-0072-sch3){#fig04}

A mechanism for the formation of the hollow products was proposed; however, the formation mechanism of bnb hollow spheres at this stage remains an open question and a challenge to material scientists. Correlations between the particle size and the concentration of fructose, as well as the ratio of metal precursor and the sugar concentrations were uncovered. Moreover, the important factors critical to fine-tune the final particle size and shape are temperature, reaction time, and addition of acetic acid, which apparently acts as a catalyst. The results show that each of the previously mentioned parameters has a similar impact on the different types of oxides. The similarity of the impact of each parameter on the formation of the hollow oxides reported here might open the door to a general understanding of the formation of the hollow metal oxide spheres with variable sizes.

The synthetic approach has many merits which make it attractive for the fabrication of many types of hollow-sphere oxides. Among these are: 1) The suggested sacrificial template, fructose, is commercially-available and inexpensive, 2) the carbonaceous spheres produced by the hydrothermal hydrolysis of fructose inherit surface functionalities like C=O and OH groups, thereby removing the need for surface modifications, 3) the synthesis saves time by avoiding multistep approaches, 4) the synthetic strategy is simple and easily controlled, and 5) the fabrication of various hollow metal and ceramic oxides can be studied by this approach.

In chapter 6, glucose was successfully applied as the sacrificial template for preparing Cr~2~O~3~, α-Fe~2~O~3~, Co~3~O~4~, NiO, and ZnO hollow spheres. In the synthesis, we utilized glucose-derived carbonaceous spheres as sacrificial templates and metal chlorides as metal oxide precursors. Correlations between the particle size and the various synthetic parameters were uncovered. The crucial factors to fine-tune the final particle size and shape are temperature, reaction time, and glucose concentration. Addition of acetic acid as a catalyst is a significant parameter that affects the outcome of the synthetic process. This is likely because it catalyzes the carbonization reaction and promotes the rate of hydrothermal dehydration of glucose, eventually leading to an increase in particle size. The wall thickness of the hollow spheres could be varied by changing the molar ratio of glucose and metal chloride.

We believe that the key to success in fabricating hollow metal oxide spheres, using glucose or fructose as sacrificial templates, is the fact that their derived carbonaceous sphere surface is rich in oxygen functionalities (e.g. OH and C=O). These groups facilitate the bonding of metal cations on the surface layers of the carbonaceous spheres and take advantage of coordination or electrostatic forces of attraction without the need for any further surface modification.

The last part of the thesis concerns similarities and differences between glucose and fructose as sacrificial templates for the fabrication of the inorganic oxide hollow spheres. In this part, significant differences between fructose and glucose templates were observed. Applying fructose as a template allows for a lower reaction temperature and shorter reaction time compared with the reaction using glucose. The particle sizes, however, are smaller when glucose is used as the template.

Overall, this work shows that using simple sugars as sacrificial templates in a one-pot hydrothermal method is an efficient means of fabricating micro- and nano-sized oxides with hollow structures. We have succeeded in fabricating SiO~2~ nanospheres by using glucose as a sacrificial template in a hydrothermal approach. The obtained *meso*-porous hollow silica materials with variable size and shell thickness may have diverse applications as catalysts, materials for selective separation, dielectric materials, and small vehicles in controlled-release applications.

We have applied fructose as a new sacrificial template for fabricating Cr~2~O~3~, α-Fe~2~O~3~, Co~3~O~4~, NiO, and ZnO with hollow structures for the first time, to the best of our knowledge. Glucose has also been successfully used for fabricating the same hollow-sphere oxides. Furthermore, correlations between the particle size and the concentration of the sugar as well as the ratio of the amounts of metal precursor and sugar were uncovered. Important factors critical to fine-tune the final particle size and shape are temperature, reaction time, and the addition of acetic acid as a catalyst. Lastly, we have shown that the most significant difference between the two monosaccharides is the decrease in reaction time and energy when applying fructose as the sacrificial template.

Considering that metal salts are used as precursors and that these are available for many metallic elements, we anticipate that a synthetic scheme using a hydrothermal approach and monosaccharides as sacrificial templates can widen the field of metal oxide hollow sphere synthesis.

Supporting Information
======================

As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer reviewed and may be re-organized for online delivery, but are not copy-edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.

Supplementary
